Plug-in hybrid electric vehicle (PHEVs) technology has the potential to address economic, environmental, and national security concerns in the United States by reducing operating cost, greenhouse gas (GHG) emissions and petroleum consumption. However, the net implications of PHEVs depend critically on the distances they are driven between charges: Urban drivers with short commutes who can charge frequently may benefit economically from PHEVs while also reducing fuel consumption and GHG emissions, but drivers who cannot charge frequently are unlikely to make up the cost of large PHEV battery packs with future fuel cost savings.
INTRODUCTION
Plug-in hybrid electric vehicle (PHEV) technology has been considered a promising route to addressing U.S. dependency on foreign oil and global warming in the transportation sector. PHEVs use large battery packs to store energy from the electricity grid and propel the vehicle partly on electricity instead of gasoline. Under the average mix of electricity sources in the United States, which in 2006 included 49% coal, 20% nuclear, 20% natural gas, 7% hydroelectric, 3% renewables, 2% oil, and 1% other (EIA, 2008b) , vehicles can be driven with lower operation cost and fewer greenhouse gas (GHG) emissions per mile when powered by electricity than by gasoline (Samaras and Meisterling, 2008) . In the best case scenario, PHEV may be able to displace a large portion of the gasoline consumed by the transportation sector with electricity, since approximately 60% of U.S. passenger vehicles travel less than 30 miles per day (US DOT, 2003) .
PHEVs have potential as a near-term strategy for addressing global warming and oil dependency, as compared to fuel cell vehicle and hydrogen-powered vehicles, because the technology exists today at not-unreasonable costs: Several automobile manufacturers have announced plans to produce PHEVs commercially, including General Motors' Chevrolet Volt, which will carry enough battery modules to store 40 miles worth of electricity (Bunkley, 2008 ) and Toyota's PHEV version of the Prius, which will carry enough batteries for closer to 7-10 miles of electric travel (Maynard, 2008) . The structure of a PHEV is similar to that of a regular hybrid electrical vehicle (HEVs) except for larger battery capacity and plug-charging capability (Frank, 2007) . HEVs comprise of an electric motor coupled with an internal combustion engine and are arranged either in series, parallel or in a split series/parallel configuration. In this study we use the split parallel /series powertrain configuration based on the popular 2004 Toyota Prius, and we add additional lithium-ion batteries to predict performance of PHEVs. A larger battery pack allows a PHEV to travel farther on electricity from the grid, but batteries are expensive and heavy. We account for the effects of adding additional batteries on vehicle weight, cost and efficiency in order to predict net implications for cost, petroleum consumption and greenhouse gas emissions.
In our model, a PHEV with a fully charged battery operates in charge-depleting mode (CD-mode), drawing energy from the battery to power the vehicle until the battery reaches its target state of charge (SOC) . Once the battery is depleted to the target SOC, the PHEV switches to operate in charge-sustaining mode (CS-mode), using the gasoline engine to provide net propulsion energy and using the battery and motor for transient conditions, as a HEV does. PHEVs can be classified as range extended or blended based on their energy management strategy in CD-mode. A range extended PHEV operates as an electric vehicle in CD-mode utilizing only the electric energy stored in the battery without using engine power and fuel for propulsion. The distance the vehicle can travel on electricity alone is called the all-electric range (AER). In contrast to range extended PHEV, a blended strategy PHEV uses a mix of the electric motor and gasoline engine to power the vehicle in CD-mode. In CS-mode, both types of PHEVs operate similar to standard HEVs where the internal combustion engine is enabled to provide a portion of the propulsion power and also maintain the target SOC. For simplicity and clear comparison between HEV and PHEV, we restrict our attention to range extended PHEVs. Shiau et al. (2009) demonstrated that charging frequency has critical implications on total cost, fuel consumption, and greenhouse gas emissions from PHEV operation: Vehicles that are charged frequently can drive most of their miles on electric power, even with a relatively small battery pack. In contrast, vehicles that are not charged frequently would require larger battery packs to cover longer distances with electric power. This study argues that properly-sized vehicles should be targeted to the right drivers based on charging frequency. In this paper, we identify the optimal solution of (1) PHEV designs and (2) allocation of PHEVs, HEVs, and conventional vehicles (CVs) to drivers in order to minimize total cost, fuel consumption, or greenhouse gas emissions.
METHOD
We describe our approach by first developing a general optimization formulation and then defining models for each element. The assumptions in our model are: (1) vehicle maintenance expenses over the vehicle lifetime are not included; (2) the cost of scaling the engine and motor is relatively small compared to the battery cost and hence neglected from the model; (3) PHEV drivers drive the same distance every day and charge their vehicle only once a day; and (4) a single battery lasts the life of the vehicle (150,000 miles), and no battery replacement is required 1 .
Optimization Model
To optimize a single vehicle for minimum net cost, fuel consumption or greenhouse gas emissions 2 over the population of drivers, we minimize the integral of the quantity per mile at each driving distance f(x,s) times the driving distance s over the distribution of driving distances f s (s) 
In general, each design vector x i may include a discrete variable defining vehicle type -for example, PHEV, HEV or CV. However, to avoid the resulting nonconvex mixed-integer nonlinear programming (MINLP) problem in our case study, we test all relevant combinations of vehicle types for the case n=2 ({PHEV, PHEV}, {PHEV, HEV}, {PHEV, CV}, etc.), and we alter the design vector x i accordingly in each case, as defined later.
In the remainder of this section we define the functions in the optimization formulation as follows: We first define the probability density function f s (s) for miles traveled per day; we then define each of the objective functions f(x,s) in terms of vehicle electrical efficiency η E and gasoline efficiency η G ; we next define efficiency as a function of vehicle design variables x using vehicle simulation; and finally we define the constraints on acceleration performance g(x) that enable us to compare vehicles of comparable performance characteristics.
Distribution of Vehicle Miles Travelled per Day
We use data from the 2001 National Household Transportation Survey (NHTS) (US DOT, 2003) to estimate the distribution of distances driven per day over the population of drivers. The survey collected data by interviewing 69,817 households across several U.S. cities on the mode of transportation, duration, distance and purpose of the trips taken on a particular day. The distribution below represents the probability density function (PDF) for vehicle miles traveled on the day surveyed. We fit the driving data 3 using the Weibull distribution 4 . The Weibull PDF is defined for s>0 by:
The two parameters at optimal fit are λ = 35.28 and β = 1.08
with a 99% confidence level. Figure 1 shows the Weibull curve and the histogram of the surveyed daily vehicle driving miles. In order to estimate the charging frequency for PHEV owners, we further assume that (1) each driver travels the same distance each day and (2) each driver has the potential to charge a plug-in vehicle once per day. Under these assumptions the distribution of miles driven between charges for a PHEV equals the distribution of miles driven per day in the NHTS survey.
Objective Functions
The objective functions of minimum cost, fuel consumption, and greenhouse gas emissions can be calculated as functions of vehicle design variables x and the distance traveled per day s. The integration of each objective function is computed by numerical integration 5 . To calculate each objective function, we first define the distance driven on electric power s E and the distance driven on gasoline s G as a function of the vehicle's AER s AER and the total distance driven per day s.
We treat the HEV and CV as special cases with s AER = 0, so that s E = 0 and s G = s.
Fuel Consumption:
The average fuel consumed per mile f G (x, s) is calculated as:
For a PHEV, below the AER the vehicle consumes no gasoline. However beyond the AER fuel is consumed at a greater rate for the heavier vehicle. For HEV and CV cases Eq. 5 reduces to 1/η G .
Average Lifetime Cost:
The net present value of lifetime cost per mile includes base vehicle cost, battery purchase cost, net present value of operations cost and costs associated with imposing a potential tax on CO 2 is calculated as:
where operating cost per mile c OP is
5 We use the trapezoid method with a step size 10 -4 to approximate the integral. Smaller step sizes were tested, and we found no significant effects on the solution.
We assume that the annual vehicle miles traveled s ANUL = 12,500 (EPA, 2005) and the vehicle lifetime N = 12 year, thus resulting in a lifetime vehicle miles traveled s LIFE = 150,000. To calculate the vehicle purchase cost represented by the first term in Eq. (6), we take the vehicle base cost, excluding any battery cost, as c VEH = $17,600, based on the Prius MSRP less its Nickel-metal hydride (NiMH) battery cost of $3,900 (Naughton, 2008) . Additional cost for Li-ion batteries is assumed to be an additional c BAT = $1,000 per kWh (Lemoine et al., 2008) times the battery size κ. 6 The second term in Eq. (6) represents the net present value of operating cost c OP (Eq. (7)) plus the carbon tax paid for operations over the lifetime of the vehicle. The carbon tax is estimated by taxation rate ρ per kg of CO 2 -eq and operating GHG emission per mile ν OP (Eq. (8)) with conservatively assuming the customer would bear the full cost of tax imposed on the producers. The average operating cost per mile c OP (Eq. (7)) represents the average consumer expenses per mile associated with gasoline and electricity used to propel the vehicle. The base case parameters include discount rate r = 5%, retail electricity price c E = $0.11 per kWh, charging efficiency between outlet and battery η C = 88% (EPRI, 2007) and gasoline price c G = $3.00 per gallon. The total operating cost to travel a particular distance is the sum of the cost of electricity needed to charge the battery and the cost of gasoline used. For PHEVs, we assume that for distances less than the AER the battery is charged as much as needed for the trip n and the battery is fully charged for distances greater than the AER. For HEVs and CVs, there is no electrical travel (s E = 0), and therefore operating cost consists only of gasoline cost. The third term in Eq. (6) represents the carbon tax cost imposed on GHG emissions associated with vehicle and battery manufacture, ν VEH and ν BAT , respectively.
Greenhouse Gas Emissions:
Total lifetime GHG emissions per mile include GHG emissions associated with production and use of the vehicle. The operating GHG emissions per mile ν OP (Eq. (8)) represent the average GHG emissions per mile associated with gasoline and electricity used to propel the vehicle:
The average life cycle GHG emissions are expressed in kg CO2 equivalent (CO2-eq) is represented by Eq. (9).
( )
The emissions calculation in this study assume v VEH = 8,500 kg CO 2 -eq per vehicle for vehicle manufacture (excluding emissions from battery production), v BAT = 120 kg CO 2 -eq per kWh of battery capacity produced, battery charging efficiency η C = 88%, s LIFE = 150,000 miles, v E = 0.730 kg of CO 2 -eq emitted per kWh of electricity, and v G = 11.34 kg of CO 2 -eq per gallon (3.0 kg CO 2 -eq per liter) 7 of gasoline (Samaras and Meisterling, 2008) 8 .
Vehicle Performance Models
To calculate vehicle efficiency and acceleration characteristics, we perform vehicle performance simulations using the Powertrain System Analysis Toolkit (PSAT) vehicle physical simulator developed by Argonne National Laboratory (Argonne National Laboratory, 2008). The body, powertrain and vehicle parameters for all PHEV and HEV simulations are based on the 2004 Toyota Prius model. A kg of structural weight is added per kg increase in battery, motor and engine weight of the vehicles. The CV model is based on the Honda Civic model, and the parameters that define the frontal area, drag coefficient and base weight are adjusted to match the Prius for fair comparison. Detailed vehicle parameters are presented in Table A2 in Appendix.
For the PHEV and HEV, we use the SAFT Li-ion battery model in the PSAT package, in which each module contains three cells and all cells and modules are connected in series. Each cell in the module weighs 0.378 kg and has a capacity of 9.6 Wh with a nominal output voltage of 3.6 volts. The weight of each 3-cell module is 1.42 kg after accounting for a packaging factor of 1.25. The battery size and capacity are scaled by specifying the number of modules that go into the battery. For the PHEV, we examine the range from 100 to 1000 cells.
The base engine is a 1.4 liter four cylinder engine with a 57 kW maximum power. The engine was scaled by changing the peak power, and the performance map and weight were linearly scaled simultaneously. We define the design range of maximum engine power values between 15 kW and 60 kW.
The base motor is a permanent magnet type with a maximum peak power of 52.35 kW and a weight of 40 kg including a 5 kg controller. Like the engine the motor was scaled by the peak power output of the motor, and the performance map and weight were scaled linearly. The peak motor power ranged from 52.35 kW to 120 kW. The performance maps and weight characteristics of larger motors and engines needed for different PHEV cases are predicted using a motor scaling parameter.
To simulate PHEV performance, we use the standard Urban Dynamometer Driving Schedule (UDDS) driving cycle 7 We assume a 9% power transmission and distribution loss (EIA, 2008a) 8 The life cycle GHG emissions of electricity is estimated based on average grid mixture in the U.S. Different scenarios, such as carbon intensive and renewable power source, may affect the environmental performance of PHEVs. (EPA, 1996) to calculate simulated electrical efficiency η E (miles/kWh) in CD-mode for PHEVs, and fuel efficiency η G (mpg) in CS-mode for PHEVs as well as for HEVs and CVs. We also perform a simulated performance test to calculate the time required to accelerate the vehicle from zero to sixty miles per hour t 0-60 , and we define g(x) as t 0-60 ≤ 10 (seconds) for all vehicles.
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For the PHEVs, the design variables x consist of x 1 = battery scaling factor, x 2 = motor scaling factor, and x 3 = engine scaling factor. Because the fuel consumption, cost, and greenhouse gas emissions per mile associated with HEVs and CVs are independent of the number of miles driven per day, we focus on PHEV design and take the HEV and CV to have fixed designs. The HEV is identical to the Prius model except NiMH batteries are replaced by Li-ion batteries of equivalent energy for comparison purposes. Our HEV model has x 1 = 75 cells, x 2 = 52.35 kW, x 3 = 57 kW, η G = 51.8 miles per gallon, and t 0-60 = 10.5 seconds. Similarly, our CV has x 3 = 113 kW (Toyota Corolla engine with an engine scaling factor of 1.256), η G = 28.33 miles per gallon, and t 0-60 = 10.3 seconds.
In order to avoid the computationally expensive process of executing a PSAT simulation for each function evaluation in the optimization algorithm, we created a simple meta-model using data points from the simulation to estimate η E , η G , and t 0-60 as a function of x for the PHEV. We evaluated the three output values using PSAT over a grid of values for the inputs x 1 = {100, 400, 700, 1000}, x 2 = {52.35, 60, 90, 120}, x 3 = {15, 30, 45, 60}, and multivariate polynomial functions were fit to the data using least squares. The resulting functions are represented in Eq. (10) 
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where a ij represent the polynomial metamodel coefficients; the values of which are presented in Table A1 in Appendix. The maximum metamodel error among the test points is 0.1 miles/kWh, 0.7 miles/gallon, and 0.5 seconds for electrical efficiency, gasoline efficiency, and acceleration time, respectively. A plot comparing the metamodel and simulation data points for vehicle CD-mode efficiency, CS-mode efficiency and 0-60 mph acceleration time as a function of battery, motor and engine size is presented in Figure A1 in Appendix.
RESULTS AND DISCUSSION
We examine three cases for dual vehicle model (n=2). It is not necessary to study any single vehicle cases, since they emerge as degenerate results for a dual vehicle case. It is also not necessary to examine cases where the first vehicle is a HEV or CV because it is known that PHEVs show best performance on fuel consumption, cost, and GHG emissions for drivers who charge frequently. Thus we are left with three cases: We optimize each of these cases separately for each of the three objective functions using a randomized multistart loop to avoid local minima. Table 2 summarizes results from the optimization study for each of the three objective functions. Total fuel consumption can be minimized by allocating a PHEV with the largest possible battery capacity to drivers who charge every 113 miles or less and a PHEV with a slightly smaller motor and a larger engine to the rest of the drivers. The relative contribution of the second, slightly-lighter PHEV to fuel savings is minimal (~10 -4 ), and this solution can be seen for practical purposes as a single PHEV solution with maximum battery capacity. This is not surprising, since a large-capacity PHEV can travel long distances without using gasoline. This solution is bounded above by the maximum battery capacity considered in the study -larger battery capacities will in general reduce fuel consumption. For minimum cost, the optimal solution is to allocate a small PHEV to drivers who can charge frequently and a similar sized PHEV to drivers unable to charge frequently. The relative contribution of the second PHEV to vehicle cost is minimal (~10 -5 ), and the solution can be seen for all practical purposes as a single PHEV with minimal battery capacity. This solution is limited by the range of battery capacity studied: the optimal battery capacity is bounded below by 100 cells. Further study is needed to understand the extent to which the size of the battery can be reduced and its effects on battery life. Finally, the optimal solution for minimum GHG emissions is to allocate a medium-sized PHEV with an AER of 30 to drivers who can charge every 35 miles or less and allocate a large PHEV with an AER of 53 to drivers who charge less frequently. The impact of vehicle design on different objectives summarized in Table 2 indicates that the optimal vehicle designed for different objectives results in the corresponding minimum objective value.
To further examine these solutions, we plot the derivative of the objective function with respect to driving distance per day in each case and compare the CV and HEV with the optimal PHEV design for that case. In each case the area under the curve is the objective function. Figure 2 represents the derivative of net fuel consumed per person per day as a function of the distance travelled between charges, and Figure 3 represents the average fuel consumption per mile as a function of the distance traveled between charges. Fuel consumption is minimized by allocating a single large-sized PHEV over the entire range of drivers. The maximum capacity PHEV allows the largest number of drivers who travel distances less than the AER to avoid consuming any gasoline, and those drivers with longer distances still spend a significant portion of their trip miles using energy from the electricity grid instead of gasoline. 
Minimum fuel consumption

Minimum cost
The net cost of all drivers driving HEVs or the optimal PHEV is similar. In Figure 4 , we observe that the net savings gained by allocating different vehicles to different drivers is a relatively small percent of the total cost. Figure 5 represents the average lifetime cost per mile as a function of the distance travelled between charges. The results show that the two PHEV curves coincide on indicating more or less identical designs. The PHEV is cheaper for all drivers, but the net savings gained by allocating different vehicles to different drivers is a relatively small percent of total cost. 
Minimum GHG emissions
The net GHG emissions are smaller for PHEVs than HEVs and CVs, and there is an additional benefit to assigning medium-capacity PHEVs to drivers who charge frequently because reducing the number of unnecessary batteries in these vehicles reduces the emissions associated with battery production as well as the emissions associated with reduced vehicle efficiency caused by carrying heavy batteries. The largest gain is achieved by allocating PHEVs to drivers rather than HEVs or CVs, but a measurable additional gain is possible by allocating the right PHEV to the right driver. As indicated in Figure 6 , the plot shows that the area under the optimized PHEV vehicle design curve is less than that of the HEV and conventional vehicle curve. 
Sensitivity analyses
We performed several sensitivity analyses based on the parameters listed in Table 3 to verify the robustness of our optimal solutions. As shown in Fig. 8 , the analysis results indicate that for most cases, including low-carbon electricity, low gasoline price, high/low discount rate and carbon tax, minimum cost and GHG solutions remain consistent, whereas a high gasoline price of $6.0 per gallon makes a PHEV12 more cost competitive than PHEV7 for drivers who charge every 24 miles or less. Another critical factor that affects our optimal PHEV allocations is battery cost. When the battery cost decreases from the base case $1000/kWh to $500/kWh, small capacity PHEVs (PHEV7 and PHEV9) are the most economic solutions. However, when lower cost battery technology ($250 per kWh) is available, medium capacity PHEV (PHEV16) become a better choice for drivers who charge once every 35 miles and small-sized PHEV is suitable for drivers who charge less frequently. Overall, the results of these sensitivity analyses demonstrate that small capacity PHEV is a robust choice while minimizing cost while medium to large capacity PHEVs are beneficial for reducing GHG emissions. 
CONCLUSIONS
We construct an optimization model to determine the optimal PHEV design and optimal allocation of PHEVs, HEVs and CVs to drivers in order to minimize net cost, fuel consumption, and GHG emissions. We find that (1) minimum fuel consumption is achieved by assigning large capacity PHEVs to all drivers; (2) minimum cost is achieved by assigning small capacity PHEVs to all drivers; and (3) minimum greenhouse gas emissions is achieved by assigning medium-capacity PHEVs to drivers who can charge frequently and large-capacity PHEVs to drivers who charge less frequently. The optimal design and allocation could reduce fuel consumption by 92%, reduce cost by 16%, or reduce GHG emissions by 52% in the population represented by the NHTS survey data compared to exclusive use of the conventional vehicle.
It is important to note that these improvements cannot be made simultaneously because of tradeoffs among the objectives. Further analysis of multiobjective optimization or economic valuation of GHG emissions and fuel consumption externalities is warranted to better understand these tradeoffs. Optimal allocation may play a stronger role in resolving these tradeoffs than it does in any of the individual cases.
It is interesting to note that large-capacity battery packs that store 35 miles or more worth of energy for electric travel are not optimal for cost or greenhouse gas reduction, whereas PHEVs with small to medium sized battery packs play an important role in achieving both of these objectives. Technology for low cost, high specific energy and large SOC swing battery improvements will significantly improve the performance of PHEVs (Shiau et al., 2009) .
In future work, additional sensitivity analysis will be performed to examine the impact of battery degradation over the life of the vehicle and the influence of new battery technologies with high specific energy batteries in order to further assess robustness of our study results. 
